Multiple forms of ADP-glucose-a-1,4-glucan ac-4-glucosyltransferase were obtained from spinach leaves by gradient elution from a DEAE-cellulose column. In the presence of high concentrations of some salts and bovine serum albumin, unprimed activity was found in one (transglucosylase III) of the four fractions eluted from the column. In addition to having unprimed activity, transglucosylase III had a lower Km for ADPglucose, a much higher Km for oyster glycogen, greater heat sensitivity and lower affinity for maltose, maltotriose and amylopectin fl-limit dextrin than fractions I, II and IV. In addition, the kinetics at low concentrations of amylose, amylopectin and rabbit liver glycogen were non-linear for transglucosylase III. The properties of transglucosylases I, II and IV were generally similar to each other. Rates of the unprimed reaction at physiological concentrations of ADP-glucose were greater than those found for the primed reaction of fraction III. The product formed by the unprimed reaction was a glucan containing principally a-1,4 linkages with some a-1,6 linkages. The primer, maltose, at a concentration of 0.5M inhibited the synthesis of the unprimed product.
Davis, Calif. 95616, U.S.A. (Received 10 September 1971) Multiple forms of ADP-glucose-a-1,4-glucan ac-4-glucosyltransferase were obtained from spinach leaves by gradient elution from a DEAE-cellulose column. In the presence of high concentrations of some salts and bovine serum albumin, unprimed activity was found in one (transglucosylase III) of the four fractions eluted from the column. In addition to having unprimed activity, transglucosylase III had a lower Km for ADPglucose, a much higher Km for oyster glycogen, greater heat sensitivity and lower affinity for maltose, maltotriose and amylopectin fl-limit dextrin than fractions I, II and IV. In addition, the kinetics at low concentrations of amylose, amylopectin and rabbit liver glycogen were non-linear for transglucosylase III. The properties of transglucosylases I, II and IV were generally similar to each other. Rates of the unprimed reaction at physiological concentrations of ADP-glucose were greater than those found for the primed reaction of fraction III. The product formed by the unprimed reaction was a glucan containing principally a-1,4 linkages with some a-1,6 linkages. The primer, maltose, at a concentration of 0.5M inhibited the synthesis of the unprimed product.
Since Leloir et al. (1961) found that glucose can be incorporated into starch from UDP-glucose, there has existed a controversy about the importance of glucose transfer from nucleotide sugars into plant starch in vivo. The controversy arises because of the potential for starch synthesis by either UDP-glucoseor ADP-glucose-a-1,4-glucan a-4-glucosyltransferases or phosphorylase (Frydman & Cardini, 1964) . Generally, it has been conceded that the primary role of phosphorylase is degradation rather than synthesis, mainly because of the high ratio of Pi to glucose 1-phosphate (Ewart et al., 1954) . Initially, both enzyme systems were thought to require a-1,4-glucan primer for activity. Thus the question arose as to how starch synthesis is initiated in plants. Tsai & Nelson (1970) have found in maize endosperm multiple forms of phosphorylase, two of which can synthesize polysaccharide in the absence of added primer. Slabnik & Frydman (1970) have also found a phosphorylase in potato tubers that will catalyse polysaccharide synthesis without added primer. This has led to the suggestion (Tsai & Nelson, 1970 ) that phosphorylase may be involved in the synthesis ofr starch de novo. However, synthesis of glucans by phosphorylases from other tissues in the absence of added primer has been shown to be due to small amounts of oligosaccharides present either in the substrate, glucose 1-phosphate, or as a contaminant of the enzyme preparation (Abdullah et al., 1965; Kamogawa et al., 1968) . Gahan & Conrad (1968) have described an ADP-glucose-oc-1,4-glucan a-4-glucosyltransferase in extracts of Aerobacter aerogenes that synthesizes glycogen without added primer. They suggest that the process that begins de novo differs from the mechanism normally involved in glycogen biosynthesis.
In the present paper we report the presence of multiple forms of ADP-glucose-a-1,4-glucan a-4-glucosyltransferase (ADP-glucose-starch glucosyltransferase) from spinach leaves, one of which synthesizes polysaccharide in the absence of added primer.
A preliminary account of some of these findings has been published (Ozbun et al., 1971 (Shen & Preiss, 1965 Whelan (1964) and Escherichia coli f-glycogen was prepared by the method of Sigal et al. (1964) .
Purification of transglucosylase (A DP-glucose-starch glucosyltransferase)
Fresh deveined spinach leaves (I50g) from the local supermarket were washed and homogenized in a Waring Blendor with 200ml ofa solution containing Table 1 . Purification of ADP-glucose-a-1,4-glucan oc-4-glucosyltransferase from spinach leaves Assays were done at 37°C for 30min by using assay A as described in the Materials and Methods section. (1966) .
Assay B. In experiments where low concentrations of primer were supplied, the reaction was stopped by heating for 1min at 100°C and 0.1 ml of carrier amylopectin solution (1mg) was added before the precipitation of the methanol insoluble polysaccharide.
Assay C. In other experiments the reaction was stopped by heating as described above and 1 ml of a slurry containing 200mg of anion-exchange resin [Dowex 1 (X8; Cl-form; 20040 mesh) was added to adsorb the remaining ADP-[14C]glucose. After filtration through Whatman no. 1 filter paper, the radioactivity in 0.5ml of the filtrate was determined in a liquid-scintillation counter (Bray, 1960) .
Production ofglucan without addedprimer. Assay D. Vol. 126 Reaction mixtures were as described above except that potassium acetate and amylopectin were replaced by lOO,umol of sodium citrate and 100,ug of bovine serum albumin. The reaction was stopped by heating for lmin at 100°C. Carrier amylopectin was added and radioactivity determined as described by Ghosh & Preiss (1966) .
Assay E. A portion (3 or 4ml) of a slurry of anionexchange resin (400mg/ml) was added to the heated reaction mixture and treated as described in assay C. It was necessary to use these larger amounts of resin to adsorb the ADP-[14C]glucose in the presence of 0.5M-sOdium citrate.
Product analysis. The product was hydrolysed with ,-amylase, oc-amylase, pullulanase, and pullulanase plus ,-amylase at pH 5.5 (0.1 M-sodium acetate buffer in a final volume of 0.1 ml) and 37°C for time-periods up to 16h. Hydrolysis was complete after 2h. The reaction mixture, with standards, was chromatographed on Whatman no. 1 paper for 48 h in butan-I-ol-pyridine-water (6:4:3, by vol.) or in 95% ethanol-lM-ammonium acetate, pH3. or glucose standards. The radioactive spots were cut out and counted in toluene scintillation fluid. The radioactive products from primed and unprimed reactions before treatment remained at the origin in both solvent systems.
Results
Purification of transglucosylases ADP-glucose-cx-1,4-glucan a-4-glucosyltransferase from spinach leaves was separated into four fractions by gradient elution from DEAE-cellulose (Table 1 , Fig. 1 ). The fractions will be referred to as transglucosylases or fractions I, 11, I1 and IV (Fig. 1) . The four fractions were purified 4-to 48-fold by the purification procedure and transglucosylase II had the highest specific activity. Low activity in the absence of added primer was found in the crude extract but after the ammonium sulphate step unprimed activity was relatively high (Table 1) . The low rate of the unprimed reaction in the crude extract was partly due to the phosphate buffer used for extraction, since threefold greater activity was obtained by extracting spinach leaves with trisacetate buffer similar to that used for DEAE-cellulose fractionation. Still higher activity was found after dialysis of the tris-acetate extract. After DEAE-cellulose chromatography unprimed activity was found mainly in fraction III and it was two to three times greater than the activity observed by using amylopectin as primer. The low amount of activity of the unprimed reaction in fraction II may have been due to incomplete separation of fraction II and fraction III on DEAE-cellulose. In each case, the lower line is for 15min and the upper line for 30min. The assay conditions were as described in Kj0lberg & Manners (1962) . The exterior chain length as determined with f3-amylase (Kj0lberg & Manners, 1962) Under some conditions (e.g. low concentrations of salts) the rate for fraction III was not linear with time, but unless otherwise stated the rates were linear with time and protein for the experiments reported herein. Maximum rates for the primed reaction were found at 30°C for each of the four fractions, whereas the rate of the unprimed reaction with fraction III was slightly higher at 37°C than at 30°C (Fig. 3) . At 44°C the primed-reaction rate was decreased, with fraction III having the greatest heat-sensitivity. No unprimed activity was found at 44°C. 18.9,UM-and 700,uM-ADP-glucose. a slightly lower Km for ADP-glucose and a higher Km for oyster glycogen. The rate of transfer of glucose from ADP-glucose by transglucosylase III to low concentrations of amylose, amylopectin and rabbit liver. glycogen was not linear with time. Saturation curves obtained by allowing the reaction to proceed for 30min for these primers are shown in Fig. 5 . The insert in Fig. 5 for each primer shows the nonlinearity with time at low concentrations of primer. The unprimed reaction catalysed by transglucosylase III also was non-linear with time at low concentrations of ADP-glucose (Fig. 6) .
UDP-[14C]glucose at 303 nmol per reaction mixture (221 c.p.m./nmol) was found not to substitute for ADP-glucose as the sugar nucleotide donor in either primed reaction (fractions I, II, III, and IV) or unprimed reaction (fraction III). Glucose 1-phosphate was also inactive.
Rates of the primed reaction for each enzyme fraction with various primers are given in Table 3 . Values are expressed as a percentage of the rate with amylopectin. Relative rates were generally similar for fractions I, II and IV, and the rates for fraction III varied depending on the primer. Fraction III had relatively low rates when maltose, maltotriose or oyster glycogen were used as primer. Rabbit liver glycogen was considerably better than amylopectin as a primer for all fractions and particularly so for fraction Ill. The superior activity of fraction III towards rabbit liver glycogen as compared with oyster glycogen cannot be explained on the basis of the branching characteristics of the two glycogen preparations (see Table II ). However, it is possible that other undetermined structural properties ofthese commercial preparations of glycogen (e.g. molecular weight) may be different. Nevertheless the oyster glycogen preparation has been useful in distinguishing the different transglucosylase preparations by kinetic Table 3 . Activity of ADP-glucose-ac-1,4-glucan c-4-glucosyltransferase from spinach leaves as percentage of rate observed with amylopectin Assays were done at 30°C for 30min and reaction rates, measured by assays A and C, are expressed as nmol of glucose transferred as described in the Materials and Methods section.
Fractions Substrate Amylopectin Maltose Maltotriose Amylose Rabbit liver glycogen Oyster glycogen Amylopectin ,B-limit dextrin Amylopectin ,B-limit dextrin Glycogen (E. coli) ,B-limit dextrin 5mg/ml 0.40M 0.05M Smg/ml Smg/ml 5mg/ml 5mg/ml 0.5 mg/ml 5mg/ml I  II  III  100  100  100   81  85  24  102  78  30  114  116  103  153  136  188  122  143  39  17  21  25  13  25  6  25  38   7   IV  100  102  110  123  159  150  17  15  28 Vol. 126 studies. ,-Limit dextrins from amylopectin and glycogen (E. coli) gave very low rates for all four fractions, and again fraction III differed from the other three fractions. Fig. 7 shows the transfer of glucose to maltose primer for each transglucosylase fraction. The rate was linear for all fractions up to 0.6M-maltose. All four fractions had low activity with maltose as a primer even at high concentrations and did not reach saturation at the concentrations used. This was particularly noticeable for transglucosylase III.
Addition of maltose (0.5M final concentration) to the unprimed reaction mixture (containing 0.5M-sodium citrate and bovine serum albumin) lowered the rate of [14C]glucose incorporation to that obtained with maltose as primer in the low-salt reaction mixture in assay C (Fig. 8) . The product formed was maltotriose rather than origin material (long-chain oligosaccharides) as normally obtained with the unprimed reaction. At 0.25M-maltose, there was a lag period of about 15min after which the rate approached that of the unprimed reaction. During the first 15min [14C]glucose was only incorporated into maltotriose. However, after 30min [14C]glucose was incorporated into origin material with little additional [14C]maltotriose formed (Fig. 8, insert) . Addition ofamylopectin (1 mg/mlfinalconcentration) to the unprimed reaction mixture had little or no effect on the rate of glucose transfer by transglucosylase III compared with the rate in the absence of primer.
Products formed by enzymes. The product formed in the absence of added primer and in the presence of the primers amylopectin, amylose and glycogen was methanol-precipitable. Products resulting from the primed reaction with different primers and for each enzyme fraction were characterized by treatment with ,-amylase. The incorporated radioactivity hydrolysed to maltose by ,B-amylase and that remaining at the origin after separation by paper chromatography are shown in Table 4 . At high concentrations of primer (2.5 and 5mg/ml) all of the radioactivity incorporated into the product was found in maltose after treatment with ,-amylase, suggesting that only a-1,4-linkages were formed. However, at low concentrations of some primers (0.01 and 0.02mg/ml) with fractions II and III radioactivity remained at the origin (20-25%) after f-amylase treatment, suggesting the formation of branch points during [14C]-glucose incorporation. This was true for transglucosylase III when amylose, amylopectin and rabbit liver glycogen were used as primers, and for transglucosylase II when amylose and amylopectin were used as primers. Treatment of the product formed in the unprimed reaction with P-amylase in the presence of pullulanase (Bender & Wallenfells, 1961) suggested that the product formed was an ao-1,4-glucan with some ax-1,6-linkages (Table 5) . Whereas ,-amylase converted 64% of the radioactive product into maltose, the action of pullulanase plus ,-amylase converted at least 97 % of the product into maltose. Pullulanase alone did not release any radioactivity from the origin.
The radioactive product formed (7-36nmol of glucose transferred/30min) with maltose as primer was primarily maltotriose (65%) with some maltotetraose (30 %) and maltopentaose (5 %) for all four fractions. These results do not necessarily suggest sequential synthesis of maltotetraose and maltopentaose, since the commercial preparation of maltose contains a small amount of maltotriose and maltotetraose. When maltotriose was used as primer the product was only maltotetraose.
Discussion
The four forms of ADP-glucose-oc-1,4-glucan a-4-glucosyltransferase separated from spinach leaves by DEAE-cellulose chromatography have many properties in common. They all have a high affinity for ADP-glucose, their pH optima are similar and Apart from a few minor differences in rates of transfer of glucose from ADP-glucose to different primers, fractions I, II and IV have similar properties. However, in addition to catalysing the synthesis of a glucan in the absence of added primer, fraction III has some other properties not common to any of the other three fractions. Fraction III appears to have higher affinity than fractions I, II and IV for amylose, amylopectin and rabbit liver Vol. 126 glycogen (Figs. 5 and 6, Table 2), although Km values cannot be calculated, owing to the nonlinearity of rates with time at low concentrations. Also, fraction III has a lower affinity for oyster glycogen and amylopectin ,8-limit dextrin (Table 2) . Further, fraction III is more sensitive to heat than the other three fractions in either the presence or absence of high concentrations of salt (Fig. 3) .
The total activity of the four transferases extracted from the leaves would be sufficient to incorporate 0.16,umol ofglucose into starch/min per gfresh weight 31 (1970) . In the present work, it is unlikely that all the enzyme was extracted from the leaves and also not all the CO2 fixed would be converted into starch, hence there appears to be sufficient enzyme present for starch synthesis to occur in vivo by the pathway involving ADP-glucose. The greatest difference between fraction III and the other fractions is its property ofcatalysing transfer of glucose under certain conditions in the absence of added primer. At low concentrations of salt, it does not function without primer, but in the presence of high concentrations of some salts (Ozbun et al., 1971 ) a rapid synthesis of glucan was observed. The product contains both x-1,4 and ac-1,6 linkages, whereas only a-1,4 linkages are formed between 114C]glucose moieties when saturating concentrations of added primer are present. The addition of high concentrations of maltose inhibited the unprimed reaction but once the unprimed reaction had begun maltose no longer acted as a primer (Fig. 8) likely that the glucan synthesized in the unprimed reaction had a much higher affinity for the enzyme than maltose. Preliminary experiments (J. S. Hawker, unpublished work) suggest that the enzyme preparation is contaminated with Q or branching enzyme, which may account for the formation of a-1,6 linkages. The x-1,6 linkages formed when low concentrations of primer are used may also result from Q or branching enzyme, since under these conditions the chains of radioactive glucose formed may be sufficiently long to enable ac-1,6 linkages to be formed between 14C-labelled glucose moieties. At higher concentrations of primer, radioactive glucose is probably incorporated into many molecules and chains of radioactive glucose do not become long enough for branches to be detected by our procedure. Certainly, the differences in conditions for the primed and unprimed reactions catalysed by fraction III suggest that the reactions are quite different and that the unprimed reaction is not merely caused by a primer bound to the enzyme. However, the possibility 1972 of a primer being present cannot be ignored, as the enzyme preparation does contain about 1 ,ug of glucose/mg of protein (Ozbun et al., 1971) . Highly purified ADP-glucose-starch glucosyltransferase must be obtained before this question can be unequivocally resolved. Nevertheless, the present work shows that spinach leaves contain sufficient ADPglucose-a-1 ,4-glucan x-4-glucosyltransferases to synthesize all the starch formed from products of photosynthesis in vivo at physiological concentrations of ADP-glucose and primer. The results also strongly suggest that one of the transferases is capable of initiating the synthesis of new glucan chains to act as a primer for the other transferases.
